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DETERMINANTS OF HOLLIDAY JUNCTION FORMATION AND RESOLUTION
DURING BUDDING YEAST MEIOSIS
MARINA BYKOVA

ABSTRACT

In the process of meiosis, 4 haploid cells are produced from 1 diploid cell in two rounds
of division. During prophase I of meiosis I, double strand breaks (DSBs) are created by
the Spo11 protein, some of which are later repaired by homologous recombination into

crossovers. During homologous recombination, structures called Holliday Junctions are
formed, which later are resolved into crossovers to allow homologous chromosomes to
separate. If they are not resolved, the cell arrests and cannot progress further in meiosis. I

have investigated three proteins known or suspected to be involved in Holliday Junction
formation and resolution: the transcription factor Ndt80; the E3 ligase Zip3, and the
endonuclease Mlh3, in Saccharomyces cerevisiae, as well as investigating their effects on

spore viability and DSB formation. My experiments have lead me to conclude that (1)

NDT80, although involved with Holliday junction dissolution, is not involved with their
formation, (2) ZIP3 is involved in both formation and resolving of Holliday junctions, (3)

MLH3 controls a stage of recombination prior to Holliday Junction resolution, and (4)
NDT80 and ZIP3 are involved in nuclear morphology. These findings suggest that

NDT80, ZIP3, and MLH3 have much broader roles than previously assumed.
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CHAPTER I
INTRODUCTION

1.1

Overview of Meiosis

Meiosis is a type of cell division that generates gametes (reproductive cells) for

sexual reproduction. Mitosis, by contrast, produces all other (somatic) cells in eukaryotes.
Meiosis in many ways resembles mitosis, as cells go through the same stages (pro-, meta
, ana-, and telophase), but with some key differences. The meiotic process involves one

round of replication followed by two rounds of cell divisions, beginning with a single
diploid precursor cell that has one pair of each homologous chromosomes (homologs)
inherited from each parent, that eventually produces 4 haploid offspring cells each

containing a single set of chromosomes. The two rounds of cell division in meiosis are
meiosis I and meiosis II, preceded by interphase, during which the homologs are

duplicated in the S phase to produce twinned sister chromatids, which are linked together
through the centromere and along the length of the chromosome through the cohesin
complex (Bloom and Costanzo, 2019; Peters et al., 2008). Kinetochores will later
assemble onto the centromere, linking the duplicated chromosomes to the centrosome/
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(spindle pole body in S. cerevisae) with microtubules (Kitamura et al., 2007). Alongside

those processes, the centrosome/SPB duplicates in G1 and migrates to opposite sides of

the cell after exit from prophase (Seybold and Schiebel, 2013; Kahana et al., 1995).

Meiosis I starts with prophase I, where the chromosomes condense and synapse,
exchanging DNA with their homologs. Prophase I itself is subdivided into several steps,

which are leptotene, zygotene, pachytene, diplotene, and diakinesis.
During leptotene, which occurs at the onset of prophase I, the duplicated

chromosomes condense while Double Strand Breaks (DSBs) in the chromosomes are
created (Roeder 1997), initiating homologous recombination (Keeney et al., 1997).
Starting with leptotene, axial elements, which are components of the synaptonemal
complex start assembling along the length of the chromosome. The synaptonemal
complex (SC) is the structure that forms between homologs for the purpose of mediating

synapsis and homologous recombination. The next substage of prophase I is zygotene,
when homologs progressively pair with each other in a process called synapsis. The axial

elements which started forming during leptotene now fully assemble in zygotene to form

the SC, which allows for synapsis. Homologous recombination continues to proceed

through pachytene (Hunter and Kleckner, 2001). In places on the chromosome where
crossovers between homologs occur, X-shaped structures known as chiasmata form,
linking together the 4 sister chromatids together into a bivalent. At the pachytene-

diplotene transition, chiasmata become visible, and during the rest of diplotene, the
synaptonemal complex is disassembled, and the chromosomes start to move apart, though

they are still linked via the chiasmata. Diakinesis is the last stage of prophase I, when the
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chromosomes continue separation, and the spindle apparatus starts forming to pull the
chromosomes away from each other later on in metaphase I.
In metaphase I the centrosomes/spindle pole bodies organize microtubules to pull

the chromosomes (Biggins 2013), while the chromosomes themselves line up in the
midline of the cell. The cohesin complex is dissolved at the metaphase-anaphase
transition (Brooker and Berkowitz., 2014), letting the sister chromatids split and move to

opposite ends of the cell, and in telophase I, the cell continues elongation, while the

chromosomes decondense, leaving the cell with two haploid sets of recombined
chromosomes on opposite sides of the cell, before cytokinesis splits the cell into two
daughter cells, ending meiosis I. Meiosis II follows, and is very similar to mitotic
division, starting with prophase II having the centrosomes/SPBs move to opposite ends of
the cell, followed by metaphase II, where the SPBs are linked to the kinetochores on the
chromatids, which align on the cell equator. In anaphase II the sister chromatids are

pulled apart from each other to opposite poles of the cell, in telophase II the chromatids
decondense, and the process of meiosis ends with cytokinesis II dividing the cells into
two daughter cells, for a total of 4 recombined haploid daughter cells (O’Connor 2008)

3

Figure 1: Stages of Meiosis (Ali Zifan, Wikimedia Commons)
1.2

Meiotic Recombination

Crossing over is a process that occurs at the end of pachytene, when paired up
homologs exchange parts of themselves with their partner, resulting in recombinant
chromosomes. The cell needs to create double strand breaks (DSBs) in order for DNA

exchange and recombination to occur. DSBs start forming during leptotene, and are

created by Spo11, a type II topoisomerase (Keeney 2008), which cuts both DNA strands
4

and becomes covalently attached to the 5’ ends of both DNA strands. The location of
where DSBs are formed on the genome is not random, but has a bias towards certain

regions, called hotspots (Tock and Henderson, 2018). Spoil initiates DSB formation by
forming a homodimer, with each monomer of Spo11 cleaving one strand of DNA through

a transesterification reaction (Keeney et al., 1997). After the DNA has been cleaved, it
can be repaired either by recombination with the homolog or with the sister chromatid.

The necessity of Spo11-induced recombination can be seen in SPO11 knockouts, as cells
lacking SPO11 are unable to form DSBs, have high levels of aneuploidy due to homolog

non-disjunction, and mostly produce nonviable spores (Klapholz et al., 1985; Kenney et
al., 1997; Ceccaldi and Rondinelli, 2016). Formation of viable gametes can be partially

rescued by inducing DSBs through irradiation (Thorne and Byers, 1993). Progression
through meiosis is governed by a multitude of different transcription factors, with several
checkpoints throughout the process to ensure the correct timing of events. An important

one to discuss is the pachytene checkpoint, of which Ndt80, a middle meiosis
transcription factor, is an important part of. The pachytene checkpoint prevents DSBs

from persisting to the end of pachytene, by preventing progress through meiosis until
synapsis formation and recombination repair are completed (Subramanian and

Hochwagen, 2014; Tung et al., 2000).
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Figure 2: Crossover vs Non-Crossover Pathways (Figure modified from Sung and
Klein, 2006)

The majority of DSBs induced by Spo11 are repaired by homologous
recombination(HR), while another DSB repair pathway called non-homologous end

joining (NHEJ) repairs DSBs created by DNA damage and thus only plays a minor role

in meiotic DSB repair (Lieber 2011). Homologous recombination itself can be split into
two subpathways: the double-strand break repair (DSBR) pathway, also known as the

crossover pathway, and the synthesis-dependent strand annealing (SDSA) pathway,
known as the noncrossover pathway (Krejci et al., 2012). In yeast, an excess of DSBs are

formed compared to crossovers, with 140-170 DSBs formed with only 90 of them
undergoing crossover repair (Mancera et al., 2008). All Spo11-induced DSBs are initially
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resected by the MRN/X (Mre11-Rad50-Xrs2) complex detecting and binding to the DSB
ends and performing a 5’ to 3’ resection to produce a 3’ overhang (Lamarche et al.,

2010). The 3’ overhang is created when the MRX complex recruits Sae2, which together
create nicks in the 5’ DNA end, removing a short oligo covalently attached to Spo11 to
create a 3’ overhang (Neale and Keeney, 2009). The MRX complex and Sae2 are also

required for the removal of Spo11 from DSB sites (Manfrini et al., 2010). After the 3’
single stranded overhang is created, additional resection to create free 3’ DNA ends is

performed by the MRX complex and Exo1 (Tsubouchi and Ogawa., 2000; Mimitou et al.,

2017), allowing for strand invasion to occur.
The single-stranded 3’ overhangs are bound initially by the single stranded DNA
binding RPA complex to prevent degradation, later to be replaced by strand exchange

factors Rad51 as well as Dmc1, two proteins related to bacterial RecA (Chen et al., 2013;
Shinohara et al., 1997). Rad51/Dmc1 later carry out a homology search on nearby DNA

sequences, usually on the homolog during meiosis (Brown and Bishop, 2015). The 3’

single-stranded overhang displaces the base pairing between the two DNA strands of the
template DNA, inserting itself into the homologous DNA in a process called strand
invasion, forming a D-loop facilitated by Rad51 or Dmc1. Rad51 is itself facilitated in

loading onto the single-stranded ends by Rad52 (Ma et al., 2017), and new nucleotides
are added to the invading single strand mostly by DNA polymerase 6 (Sneeden et al.,

2013; Maloisel et al., 2008), although other polymerases are also involved, such as DNA

polymerase n (Sneeden et al., 2013; McVey et al., 2017). Following strand invasion and
the incorporation of new nucleotides, the choice is made which repair pathway is to be

followed for each DSB.
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In the crossover pathway, the process diverges from SDSA with first formation of

a stabilized D-loop called single end invasion (SEI) and subsequent DSB second end
capture, resulting in formation of a double Holliday Junction (dHJ) by the capture of a
second DSB 3’ end. Those junctions are then cut by special endonucleases called

Holliday junction resolvases (Wyatt and West, 2014), one of which is Mlh 1/3 (Manhart

et al., 2017). In SDSA no double Holliday junction is formed, and the D-loop formed by
the invading 3’ overhang is extended along the invaded DNA strand, then annealing the

extended single-strand end to the 3’ overhang of its cognate DSB end on the same
chromatid.
SC formation

disassembly

assembly

SUMO
protease

Figure 3: Development and Structure of the Synaptonemal Complex (Figure
modified from Altmannova et al., 2012)

1.3

Homolog Pairing and Formation of the Synaptonemal Complex
Red1 and Hop1 are components of the axial/lateral element, which are the first

parts of the synaptonemal complex assembled, and Mek1 is a protein kinase that is
8

thought to be involved in regulating assembly of the axial element (Hollingsworth and

Ponte, 1997), although Mek1’s primary function is in promoting homologous
recombination by means of suppressing repair between sister chromatids (Niu et al.,

2007). After the axial element is assembled, the axial elements connecting the two sister
chromatids from each homolog become themselves connected via a structure known as

the SC central region. One of the proteins of the SC central region is Zip1, a protein that
acts as a molecular “zipper” for the homologs, bringing them closer together (Sym et al.,

1993), potentially initiating synapsis at centromeres and/or at sites designated to become
COs (Tsubouchi et al., 2008). Zip1 interacts with Zip3, an E3 ligase, where Zip3 recruits
Zip2, another protein that along with Zip3 and other proteins serves as part of the

Synapsis Initiation complex (SIC), which then interacts with Zip1 by Zip2 helping to
localize Zip1 to the chromosome (Chua and Roeder, 1998).

1.4

Why Does Chromosomal Crossover Occur?

A variety of hypotheses have been put forward to answer the question of why
eukaryotic organisms have evolved such a complicated process, considering the high risk

of chromosomes recombining incorrectly and the fact that prokaryotic organisms do fine
without it. Contrary to what most might assume, the initial reason crossover evolved was
probably not to recombine DNA for more genetic diversity in descendants, but rather

initially as a method of repairing DNA damage sustained, as well as ensuring proper

segregation of chromosomes into haploid gametes. Evidence to support the DNA damage
hypothesis includes that mutations in genes involved in recombination, such as BRCA2,
result in an impaired ability to repair DNA damage (Li and Heyer, 2008). Chromosomal
crossover’s importance in ensuring segregation of chromosomes can be seen in studies on
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S. cerevisae, where mutations in MSH4/5, which stabilizes Holliday

junctions(Krishnaprasad et al., 2015), and in MLH1/3 (Sonntag et al., 2013) , which is
involved in mismatch repair and Holliday junction resolution, show a reduction in
crossover formation, spore viability, and an increase in nondisjunction.
Vegetative
growth

Ime2/Cdk1/
Cdc7

Imel

amati!

NDT80 J

I— Ume6 ■ Sumi —I

Imel forms activation
complex with Ume6,
resulting in Ume6
degradation and Imel
recruitment to URS

expression
of Ndt80
permitted by
removal of
repressors

®

Sumi —1

Hstl

L

ndt8o ;g

'Sumi —I

Phosphorylation
Of Sumi
dissociates
Rfml/Hstl from
Sumi

3
Phosphorylation
Of Sumi
promotes Sumi
dissociation
from Ndt80
promoter

Phosphorylated
Ndt80 binds to
MSE of Ndt80,
which increases
expression of
Pachytene
checkpoint

Phosphorylation
Of Ndt80 by
CdcS and Ime2

commitment

Figure 4: The NDT80 Transcriptional Induction Pathway (Figure modified from
Winter, 2012)

1.5

NDT80 and the Transcriptional Loop
Ndt80 is a meiosis-specific transcription factor that is required for exit from

pachytene. Ndt80 prevents meiosis from progressing until synapsis and recombination
are complete, and therefore controls exit from pachytene. While Ndt80 acts on more than
200 middle sporulation genes, for the purpose of my project, Ndt80’s activity on Cdc5

kinase is the most important. Cdc5, a Polo-like kinase, is required to resolve meiotic
recombination intermediates and the synaptonemal complex (SC), and yeast that do not

express Cdc5 arrest in pachytene, with a persistent synaptonemal complex (Xu and
Kleckner, 1995; Clyne et al., 2003). ndt80A mutants have been shown to undergo a
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complete meiotic arrest in pachytene due to persistence of the SC, and do not resolve

double Holliday junctions (DHJs) into crossovers (Xu and Kleckner, 1995; Allers and
Lichten, 2001), but have normal levels of noncrossovers, while ndt80A mutants with

inducible Cdc5 were able to exit from pachytene, although they still arrested later in
meiosis (Sourirajan and Lichten, 2008). Cdc5 helps resolve the synaptonemal complex
and promote exit from pachytene by its phosphorylation activity on other proteins, the
major ones being Rec8 and Dbf4 (Attner et al., 2013; Matos et al., 2008; Argunhan et al.,

2017). Rec8 is a meiosis-specific component of the cohesin complex that connects sister
chromatids, and phosphorylation by Cdc5 promotes the cleavage of cohesin (Attner et al.,

2013), while Dbf4 is a part of the Dbf4-dependent Cdc7 kinase (DDK) complex, which is
important for initiation of DNA replication (Matos et al., 2008), and phosphorylation of

Dbf4 by Cdc5 promotes SC disassembly (Argunhan et al., 2017).
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Figure 5: Model of Mek1-Ndt80 negative feedback loop. Mek1 expression is
activated by high DSB levels (Mek1H), and phosphorylation of Ndt80 by Mek1
inhibits Ndt80 activity until enough DSBs are repaired. As the synaptonemal
complex is formed and DSBs are repaired, Mek1 is removed from the chromosomes
(Mek1L), allowing for Ndt80 expression to increase, with Ndt80 binding to its own
promoter and increasing Ndt80 expression (Figure modified from Prugar et al.,
2017)
Mek1, a Rad53 paralog and protein kinase, is an important regulator of meiotic
recombination pathway choice and interacts with Ndt80 by phosphorylating Ndt80 in the

presence of DSBs, preventing Ndt80 from functioning as a transcriptional factor (Wu et
al., 2010; Prugar et al., 2017). Mek1 promotes recombination between homologs by
suppressing inter-sister repair (Terentyev et al., 2010; Lao and Hunter, 2010) and the

transcription/expression loop of Mek1 and Ndt80 serves as part of the pachytene

checkpoint, preventing the activation of Ndt80 before a certain level of DSBs have been
resolved and thus preventing the cell from passing through meiosis before it is ready

(Prugar et al., 2017; Hollingsworth and Gaglione, 2019). Mek1 activity is positively
correlated with DSB levels and inhibits Ndt80 activity by phosphorylating Ndt80. As
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DSBs are repaired, Mek1 activity declines below the threshold when it can continue to

deactivate Ndt80, which results in Ndt80 inactivating Mek1 through Cdc5.
Several mechanisms serve to control and repress NDT80 expression completely
during mitosis, or in meiosis until the amount of DSBs have fallen below a threshold.

NDT80 expression is regulated by several transcription factors and kinases, the major
ones being Ume6, Sum1, Ime1, Ime2, and Cdc5 itself, among others. Ume6 and Sum1

bind to the promoter of NDT80 at the 2 URS1’s (upstream repression sequences) and

MSE (middle sporulation elements) sites, respectively, serving to repress NDT80
expression during mitosis or during meiosis when not needed. Ime1, a “master” regulator

of meiosis, is expressed in diploid cells during times of nutrient starvation, among other
factors as the cell shifts from mitosis to meiosis in times of nutritional stress (Weidberg et
al., 2016). Ime1 is involved in degrading Ume6 and removing Ume6 from URS1 sites on
the NDT80 promoter. After that, the Sum1 complex is removed by being phosphorylated
by Ime2, Cdk1, and Cdk7 (Winter 2012). Sum1 also competes with Ndt80 to bind to

MSE’s on promoters of middle sporulation genes to either repress (Sum1) or activate
(Ndt80) expression of those genes (Pierce et al., 2003). After removal of Ume6 and Sum1
from the promoter of NDT80, the Ndt80 that is expressed is phosphorylated by Ime2 and

Cdc5, which then binds to the MSE on the promoter of NDT80, inducing increased

expression of Ndt80 in a positive feedback loop (Winter 2012).
1.6

The Presumed SUMO E3 Ligase Zip3 is Required for Proper SC Formation

and Repair of DSBs Into Crossover
Zip3 (a.k.a. CST9) is a meiosis-specific ZMM protein (aka synapsis initiation
complex proteins), which is an E3 ligase, and is important for proper SC formation,
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crossing over by colocalizing with Zip2 at synapsis initiation sites (Agarwal and Roeder,
2000), as well as associating with DSBs designated for crossover repair and facilitating

their repair into crossovers (Serrentino et al., 2013). ZIP3 null mutants exhibit abnormal
meiotic progression (delayed at low temperature/arrest at high temperature), high rates of

nondisjunction in meiosis I, and reductions and delays in meiotic crossover, as well as

delays in synapsis, as well as lowered spore viability (Borner et al., 2004). Zip3 has many
interactions with other proteins that are involved in either crossover of the synaptonemal

complex, as it is known to interact with Zip1, Mre11, Rad51, and Msh 4/5, based on
immunoprecipitation (Agarwal and Roeder, 2000). Msh4 and Msh5, which are

homologues of the E. coli mismatch repair protein MutS, form a heterodimer (Msh 4/5),
the purpose of which is to facilitate crossovers between homologs. Msh 4/5 are another of
the ZMM group of proteins that control synaptonemal complex assembly and
recombination (Lynn et al., 2007). Zip3 colocalizes with Msh 4/5 onto meiotic
chromosomes, and Zip3 and Msh4 coimmunoprecipitate (Agarwal and Roeder, 2000).

Msh4/5 is not known to be involved in mismatch repair. Msh 4/5 facilitates crossover by
binding to and stabilizing single end invasions and double Holliday junctions. Similar to

other ZMM mutants, MSH4/5 knockouts display reduced levels of crossover (Novak et
al., 2001).

The GFP tagged version of ZIP3 was found to be potentially temperature sensitive
in previous experiments (Maryam Assar and Jasvinder Ahuja, personal communication).
This phenotype was used in the current study to examine Zip3’s interaction with Ndt80

(below).
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1.7

Mlh 1/3
Mlh 1/3 is a heterodimeric (a protein dimer composed of two different proteins)

endonuclease that is involved in DNA mismatch repair and meiotic crossover. Mlh 1/3 is
an endonuclease nicks supercoiled DNA (Rogacheva et al., 2014; Manhart et al., 2017),

and has a preference for binding to Holliday junctions (Ranjha et al., 2014). Mlh 1/3’s
importance in crossover can be demonstrated when Mlh1 or Mlh3 is mutated (Al-Sweel

et al., 2017; Hunter and Borts, 1997), with Mlh 1 deficiencies displaying lower levels of
crossovers, reduced spore viability, and higher non-mendelian segregation, and Mlh 3

mutants showing an increase in noncrossovers and mismatch repair. Mlh 1/3 has also
been shown to be able to produce DSBs in vitro(Manhart et al., 2017), which can be
related to HJ resolution.
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CHAPTER II
METHODS

2.1

Strains

The strains used in this work were all isogenic SK1 strains. All of the diploid

strains that were used in my experiments were personally mated by myself. The

genotypes for the strains used in my experiments were: WT, zip3-GFP, ndt80A, zip3GFP ndt80A, mlh3A, and mlh3A ndt80A.

2.2

Time Courses

The time courses I performed consisted of patching the strain from a glycerol
stock stored in -80°C onto a YPG (yeast extract/bacto peptone/glycerol) agar plate for 16

hours, incubated at 30°C for the first step. The SK1 strain from used here have a

tendency to lose their mitochondria, which results in small colonies and poor growth.
Patching them onto YPG plates ensures the retention of mitochondria, as yeast cells

without functional mitochondria cannot use glycerol as an energy source and fail to enter
meiosis (Zhao et al., 2018). After they have grown on YPG plates, cells were
individualized on plates containing the solid complex complete medium YPD (yeast

extract/bacto peptone/dextrose) in such a way as to produce single colonies, and then let
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them grow for 2 days at 30°C until the colonies get to a desirable size. After that, the
colonies are picked up and are inoculated into a liquid YPD medium for 26 hours at

30°C. Cultures are subsequently checked for contamination and ensuring they are a
diploid culture, and then are used to inoculate a YPA culture for 13.5 hours, again

incubated at 30°C. On the day of the time course, the YPA cultures are checked for
contamination and optical density (OD), ideally using the YPA cultures that have an OD

of 1.2-1.6 at 600 nm. After the best cultures are selected, based on their ODs, the cells are

spun down and transferred to the sporulation medium (SPM). The SPM consists of 0.5%

potassium acetate, 0.02% Raffinose, and 0.0075% antifoam. The sporulation medium is
split into two portions, 110ml of which is incubated at 23°C, and the remaining 40 ml to
be incubated for 2 hours at 30°C, and at 33°C for the remaining time. The reason those

temperatures were selected is because in previous research on ZMM mutants, cultures
incubated at 23°C and 33°C display different defects in crossover, and noncrossover
formation, and other defects (Borner et al., 2004). Yeast undergo sporulation in the

absence of nitrogen, along with the presence of a nonfermentable carbon source such as

potassium acetate. Over the next 24 hours, I collected samples for DAPI nuclear
counting, spore viability assessments, and meiotic DNA preps. DNA prep samples were

collected for 23°C cultures at 0, 3, 5, 6, 7.5, 9, and 11 hours, and for 33°C cultures only at
9 and 11 hours. DAPI samples for 23°C were collected at 0, 3, 5, 6, 7.5, 9, 11, and 24
hours, and for 33°C at 9, 11, and 24 hours. Samples for spore viability were collected for

all cultures at 24 hours.
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2.3

DAPI Staining for the Purpose of Monitoring Meiotic Progression Events
DAPI (4‘,6-diamidino-2-phenylindole), is a stain that binds to AT-rich sections of

DNA and fluoresces blue when exposed to UV light, which makes it useful when
observing the nucleus (Kapuscinski 1995). After the cells have been treated with ethanol-

based fixating solution , which kills and permeabilizes cells, the cells are then mixed with
DAPI dye and exposed to UV under a microscope, which allows detection of the

chromatin localized in the nucleus as it undergoes the first and second meiotic nuclear

division, and allows for the observation of any cellular/nuclear morphology
abnormalities. This can be used to track any anomalies in timing of meiotic events as

compared to wildtype.
2.4

Spore Viability
Monitoring the spore viability of the experimental cultures provides a useful way

to check for abnormalities in meiotic processes. The spore viability assessment consists

of dividing a zymolyased tetrad, or clump of 4 daughter cells present after the end of
meiosis, into 4 separate cells. The samples used for examining spore viability are
collected at the 24-hour timepoint. The zymolyase digests the ascus encapsulating the

spore tetrad and allows separation of the four spores. After the spores are separated, they
are individually placed using a glass needle onto different sections of a YPD plate, and

then the process is repeated, usually 20 times, in order to fill up the entire plate. The plate

is then incubated at 30°C for 2-3 days, after which the plate is taken out and the resulting
colonies grown from the cells are observed to measure how many cells survived to form
colonies. Wild-type cells are the control for any other strain being examined, and WT

dissections have above 95% spore viability when correctly dissected.
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2.5

Meiotic DNA Extraction

Meiotic DNA extraction was used to extract the genomic DNA out of the nucleus

of the cell, removing the protein components and any cellular debris. Cell aliquots are
crosslinked using psoralen. Psoralen intercalates with DNA and forms an adduct, or
interstrand crosslink with thymidine when exposed to UV light, linking opposite strands

of DNA together, which is necessary to prevent DNA structures such as Holliday
junctions from migrating off the end of linear fragment of DNA . To begin the DNA

extraction, the cell needs to have its outer cell wall digested with zymolyase. The cell is

then lysed using SDS, which lyses the cell by extracting proteins embedded in the cell

membrane and thereby creating holes. The proteins in the lysed cell are then precipitated

with potassium acetate, by forming a non-dissolvable salt with SDS and SDS bound
proteins. The DNA and RNA remain in the supernatant and are precipitated using

ethanol, which is then centrifuged to pellet the nucleic acids present before replacing the
ethanol with an Rnase A solution to digest overnight any RNA present. After further

processing with phenol-chloroform to further concentrate and purify the DNA, the DNA

is then preserved in a TE buffer until later processing with a XhoI restriction digest.

2.6

Gel Electrophoresis and Southern Blotting

After the meiotic sample DNA has been extracted and digested, it is later

electrophoretically separated using an agarose gel and transferred from the gel onto a
membrane using the Southern Blot procedure for later probing. DNA carries a negative
charge due to the phosphate group present in its backbone. This negative charge causes

DNA to migrate to a positive charge, which is exploited in gel electrophoresis by
applying an electric field to the gel, usually agar for nucleic acids, that separates out
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DNA molecules based on their size and shape, with shorter pieces of DNA migrating
faster in the gel. The gel is made with a buffer such as Tris-boric acid-EDTA (TBE
buffer) that helps the electric current conduct better. If it is necessary to visualize the

DNA fragments in the gel, a fluorescent dye is used, such as ethidium bromide. Ethidium
bromide (EtBr) works by intercalating between DNA bases and fluorescing under UV

light. EtBr was used to visualize bands when preparing my p4 probe for Southern blot
analysis as well as the process of creating my 2D gels.

For 1D gels, Xho1-digested meiotic DNA samples prepped from culture samples
taken from SPM during a synchronized time course were loaded into a 0.7% agarose gel

and electrophoretically separated over the next 26 hours. To create a 2D gel, a gel would
first be run in one dimension, much like 1D gels, then individual lanes would be cut out,

rotated horizontally, and then set into a new agar gel, which is then run again in one

dimension. The process allows for separation of DNA molecules both on the size and the
shape, which allows for observation of double Holliday junctions, other joint molecules,

and single end invasions.
After electrophoretic separation, the DNA is transferred to a membrane in order to

be probed to visualize the DNA. For DNA, the process is called a Southern blot. The

process involves rinsing out excess buffer from the gel, then soaking the gel with an HCl

solution, which depurinates the DNA, lightening the DNA for easier transfer to the

membrane. After that, the gel is then soaked in a NaOH solution, which denatures and
separates the DNA into single-stranded molecules, allowing for the DNA to transfer to
the membrane and hybridize to the probe later on. The DNA is transferred to the

membrane, in my set of experiments nylon, through capillary action in a NaOH solution.
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After overnight transfer, the membrane is neutralized in a solution of NaPO4, and can be

crosslinked with UV to more permanently fix the DNA to the nylon membrane.

2.7

DNA Probe Creation for Hybridization

As hybridization requires a DNA probe that is homologous to the section of DNA
you are looking for, it has to be created. The probe itself is carried upon a plasmid

existing inside an E. coli carrier. The plasmid has a marker for ampicillin resistance on it,
while the chromosome of the E. coli does not. The bacteria is streaked onto an ampicillin

resistance plate and grown at 37°C. After the colonies have reached a desirable size (1-2

mm), a few colonies are then incubated in a Luria Broth (LB) media with Ampicillin and
grown overnight. A plasmid prep is then conducted to separate the plasmid from the
genomic DNA, then is digested with Xba1 and Bgl2, run on a gel alongside a ladder. We
look for the digested fragment that runs around 500 bp along with the ladder. We then

elute the gel with the plasmid, and store in an elution buffer until later use.

2.8

Hybridization and Probing
Hybridization refers to a process in which a membrane that had had DNA

transferred from a gel by means of a blot is then probed with a radioactive nucleotide in

order to quantify the amount of DNA present in the samples and make visible crossovers,
DSBs, and Holliday junctions, among other experimental data desired. The process starts

with a reaction mix, containing a large set of short oligo primers, mixed with purified
water. The reaction mix is combined with a DNA probe, and then brought up to 95°C to

split the probe into single stranded DNA. After that, P32 labeled dCTP is added to the
probe reaction mixture, and then magenta polymerase is added and incubated at 37°C to

allow for incorporation of the radiolabeled cytosine into the complementary strand of the
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split probe DNA. Afterwards, the entire solution is then run through a spin column to
filter out unincorporated nucleotides. The filtered reaction mixture is then again raised to

95°C to split the probe again, and then added to a hybridization solution, which then is

poured onto the membranes. The membranes are incubated in a rolling rotisserie oven at
65°C for 16 hours, and then are washed to remove excess radioactivity before being

exposed to phosphor screens for 1-3 days and then scanned for observation before being
quantitated to determine the amounts of DSBs, crossovers, or joint molecules present on
the membrane.

2.9

Quantitation
Quantitation for all membranes involved in the experiments discussed were

performed using QuantityOne software.
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CHAPTER III

RESULTS

3.1

The HIS4LEU2 DSB Hotspot Can be Used to Monitor Recombination

Intermediates and Products
Recombination does not occur at equal frequencies throughout the genome, but in

many organisms, such as budding yeast and humans, occurs at higher frequencies in
certain areas on the genome, referred to as “hotspots”. Hotspots differ from other sections

of the genome as they are associated with regions of the genome that are nucleosome
depleted (Lam and Keeney, 2015; Pan et al., 2011).
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Figure 6: Diagram of HIS4LEU2 hotspot. (A) Map of the HIS4LEU2 hotspot
restriction sites and the position of the probe. The hotspot occurs in two variants, a
so called “Mom” and “Dad”, which differ with the “Mom” polymorphism being
significantly longer in between the Xho1 restriction sites than the “Dad”
polymorphism, with the Mom variant at 5.86 kb in length, and the Dad at 4.27 kb.
This allows for us to measure the rate of crossover formation occurring in the cell,
as the recombined Mom fragments are a bit shorter than the original Mom
fragment at 5.56 kb, and the recombined Dad is longer at 4.57 kb (B) 1D gel
displaying double-strand breaks (DSBs) and crossovers (CO) (C) 2D gel analysis of
joint molecules (JM) species. SEI, single end invasion; IS-dHJ, intersister double
Holliday Junction; IH-dHJ, interhomolog double-Holliday Junction. (D)
interhomolog crossover (IH-CO) and interhomolog noncrossover (IH-NCO)
fragments (Figure modified from Yoon et al., 2016)
HIS4LEU2 is one such hotspot, which is the location of two DSB sites, created
by inserting a LEU2 sequence at the HIS4 locus on chromosome III (Xu and Kleckner,
1995). The sequence has several restriction site polymorphisms flanking the DSB site,

which produces fragments of different lengths upon a XhoI restriction digest (Fig. 6A).
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The longer of the two fragments is called the “Mom”, and the shorter is called the “Dad”.

Upon crossover, fragments that are slightly shorter than the Mom fragment or longer than
the Dad are produced, which can be visualized by appropriate Southern blot analysis.

This allows us to examine crossovers and DSBs on a 1D gel, and joint molecules on a 2D
gel.

3.2

Effects on dHJs of zip3-GFP in Combination With ndt80J Are Temperature

Sensitive

The meiosis-specific transcription factor Ndt80 has a variety of roles, but its
effect on Cdc5 is the one that’s most important for my experiments. Cdc5, a Polo-like

kinase, is necessary to resolve joint molecules into crossover. As consequence, ndt80A
fails to resolve Holliday junction intermediates and displays a substantial reduction in
crossovers, and arrests in pachytene (Clyne et al., 2003; Sourirajan and Lichten, 2008).
However, previous experiments performed in our lab have raised the possibility that
Ndt80 has an earlier role in meiosis. In addition to observations on the phenotype of

ndt80A, zip3 phenotypes were also examined here, using zip3-GFP, sourced from the
Keeney lab (Henderson and Keeney, 2004). While previous researchers have used zip3GFP strains to study Zip3’s activity without noting defects (Agarwal and Roeder, 2000;

Henderson and Keeney, 2005), anomalies were noticed in the GFP-tagged version of
Zip3 used in the lab to monitor the localization of Zip3. ZIP3/CST9 is a presumed SUMO

E3 ligase that is recruited to meiotic chromosomes, first associating with centromeres,
and later with chromosome axes and DSB sites that have been designated for crossover

repair (Serrentino et al., 2013). Absence of Zip3 has been observed to cause delays in

meiotic nuclear division and SC formation, high rates of nondisjunction in meiosis I, and
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reductions in spore viability, crossover products, SEIs, and dHJs (Agarwal and Roeder,

2000; Borner et al., 2004).
To test whether Ndt80 may play a role at the same step as Zip3, as well as interact

with Zip3, Maryam Assar, a prior student in the lab, performed a synchronized meiotic

time course. These experiments were carried out by Ms Assar shortly before leaving the
lab. It therefore became my task to follow up on her initial observations. Four strains

were used in the experiment (MA): WT, ndt80A and zip3-GFP single mutants, as well as

the zip3-GFP ndt80A double mutant. The zip3-GFP single mutant was heterozygous for
the NDT80 deletion (ndt80A/NDT80 zip3-GFP), which was expected not to cause a

problem since haploinsufficiency is rare in yeast (Deutschbauer et al., 2005).
Synchronous meiosis was induced in cultures at 23°C and 33°C by arresting a single
diploid culture at the G1 stage and splitting the culture in two upon transfer to meiosis

medium, with aliquots incubated at 23°C and 33°C, respectively. This procedure ensured
minimal differences between the 23°C and 33°C split cultures due to culture-to-culture

differences. As my research project is based on and expanded from the experiments
performed earlier in the lab, I decided to present one of her 2-D gels that she performed
but did not quantitate before I present the results from my own experiments later on, to
build on her results.
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Figure 7: zip3-GFP has a temperature-dependent effect on dHJ accumulation in
ndt80A. A) Excerpts from 2D gel Southern blot analyses in ZIP3 ndt80A and zip3GFP ndt80A at 23°C and 33°C showing a reduction in dHJs in zip3-GFP ndt80A. B)
Quantitative analysis of IH-dHJs from 2D gel from Fig. 7A. (Meiotic time course
and 2D gel performed by Maryam Assar)
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Quantitation of Ms Assar’s 2-D gel indicated a reduction of dHJs in the zip3-GFP

ndt80A double mutant compared to the ZIP3 ndt80A single mutant under certain

conditions. dHJ levels for ndt80A at 33°C by hour 9, the last timepoint on the gel, are
72% of levels for 23°C, showing that dHJ formation is mildly temperature sensitive in

ndt80A, or alternatively, that DSB formation is less frequent at higher compared to lower
temperatures (Fig. 7B). THE zip3-GFP ndt80A double mutant has lower dHJ levels than

ndt80A at later timepoints for both temperatures, but the effect is more dramatic at 23°C,
with zip3-GFP ndt80A having only 32% of the dHJ levels ndt80A has at hour 9. For zipGFP ndt80A at 33°C, by contrast, dHJ levels are 85% of ndt80A dHJ levels at hour 11.

The results suggest that zip3-GFP has a negative effect on dHJ levels when combined
with ndt80A, and that the effect is cold-sensitive, with a greater lowering of dHJ levels at

23°C. This is especially interesting considering that previous research showed that zip3A
mutants have almost complete absence of dHJ’s at 33°C, and a low level of dHJ’s at later

timepoints at 23°C (Boerner et al., 2004).

The observations from her 2D could indicate that the reduction in in dHJs
detected in the zip3-GFP ndt80A double mutant compared to ndt80A could be due to

zip3-GFP itself reducing dHJs, or a possibility of Ndt80 interacting with Zip3 to affect
dHJ formation, or combination of the two possibilities. As her gel only examined zip3GFP and WT samples from timepoints 3, 5, and 6 and only at 33°C, I had to conduct my

own set of experiments.

3.3

zip3-GFP Has Reduced DSB and Crossover Levels Compared to WT
To examine the reproducibility of Ms Assar’s results and expand on her work, I

ran WT, zip3-GFP, ndt80A, and zip3-GFP ndt80A strains in a split-culture synchronized
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time courses much like Maryam had performed. The ndt80A and zip3-GFP ndt80A

samples were run on a separate gel away from the zip3-GFP and WT samples. In this
section, I will first compare zip3-GFP with WT, before I will discuss and compare the

ndt80A single and double mutants.
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Figure 8: zip3-GFP shows reduced DSB and crossover signals compared to WT.
Meiotic time course, 1D gel, blot, and quantitation performed by Marina Bykova, as
well as for all subsequent figures. A) 1D gel Southern blot analyses of DSBs and
Crossovers in a zip3-GFP and WT background. B) Quantitative analysis of DSBs
from blot shown in Fig. 8A. C) Quantitative analysis of crossovers from blot shown
in Fig. 8A
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DSBs peak for WT sporulated at 23°C at t = 5h at 14.2% of total hybridization

signal at this hotspot (%DNA) and then sharply decline, with very low levels by hour 9.
DSB levels for zip3-GFP at 23°C reach their maximum at hour 3 at 5% of total DNA
(Fig. 8B). Unlike at hour 5 zip3-GFP has only 30% of the DSB signals WT has at hour 5,

with much lower levels overall than WT. As meiotic DNA samples for 33°C cultures
were only taken at hours 9 and 11, comparisons of DSB levels cannot be made for earlier
timepoints. DSB levels are at negligible levels for WT and zip3-GFP at both

temperatures by hour 9. Comparing zip3-GFP and WT at 23°C to zip3A (Borner et al.,

2004), zip3-GFP displays a significant reduction in DSB’s, unlike zip3A. However,
research in Zip3 homologs in Drosophila melanogaster has suggested that they are
involved in formation of DSBs (Lake et al., 2019) As Zip3 is indicated to localize to DSB
sites upon dHJ formation (Serrentino et al., 2013), and since Ms Assar’s 2D showed

lowered dHJ levels in the zip3-GFP ndt80A double mutant at 23°C, it could indicate that

Zip3-GFP might impair formation of DSBs itself.
Previous studies on zip3 mutants have shown a decreased level of crossovers both

at 23°C and 33°C (Serrentino et al., 2013; Boerner et al., 2004), which makes examining
zip3-GFP for anomalies in crossover levels valuable. Crossover levels are highest for WT

at both temperatures, with crossovers peaking at hour 9 before declining by hour 11 (Fig.
8C). The decline in crossovers is likely because at later timepoints, DNA is more likely to
be obtained from cells that failed to complete crossover and meiosis, as cells that
complete meiosis produce a spore wall that makes DNA extraction less efficient. For

zip3-GFP, however, crossover levels are still rising by hour 11, the last timepoint

collected, indicating a delay in crossover formation. At hour 9 at 23°C, when WT
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crossovers peak, 26% of WT DNA at 23°C is detected in the crossover band, compared

to 18% for zip3-GFP. At the same timepoint at 33°C the difference is even starker, with
crossovers at 32% of total DNA for WT and 15% for zip3-GFP. The lowered amount of
crossovers seen for zip3-GFP is similar to that seen in zip3A mutants (Borner et al.,

2004). The reduction in both dHJs and crossovers in zip3-GFP mutants suggests that
Zip3 not only has a role in facilitation of resolving DSBs into crossovers (Serrentino et

al., 2013), but might also have a role in formation of dHJs, which could explain the

reduction not only of dHJs in zip3-GFP/ndt80A vs ndt80A, but also the reduction in
crossovers seen in zip3-GFP as compared to WT.

3.4

zip3-GFP Exhibits Worse Spore Viability Than WT, Particularly at 33°C
Spore viability for WT and zip3-GFP at 23°C and 33°C

Figure 9: zip3-GFP reduces spore viability, particularly at 33°C. Graph based on
results from WT (n=219) and zip3-GFP (n=181) tetrad dissections. Total dissection
counts in Table I in Appendix
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To examine spore viability, meiotic progression, DSB formation, and crossovers

for zip3-GFP, I induced sporulation in zip3-GFP and WT cultures in a synchronized time
course at 23°C and 33°C. Processing the strains in a synchronized time course allows for
accurate comparisons to be made between strains by timepoint. To reduce culture-to-

culture differences, the 23°C and 33°C cultures for each strain came from a single culture
that was then separated into 23°C and 33°C cultures prior to sporulation. Spore viability

was examined with tetrad dissections of sporulated samples taken at 24 hours after
transfer into sporulation medium (SPM). Dissections of WT and zip3-GFP were made
from 7 out of 9 time courses, with at least 4 dissections being made for each time course

(1 per strain and temperature). zip3-GFP was observed to have poorer spore viability than

WT at both 23°C and 33°C, with poorer viability at 33°C (Fig. 9). The average viability
for WT at 23°C and 33°C is 3.1 ± 1.29 or 77.5% (mean ± standard deviation) and 3.725 ±
0.62 or 93.1% spores surviving per tetrad, respectively, while for zip3-GFP at 23°C and
33°C it is 2.79 ± 1.49 or 69.8% and 2.37 ± 1.47 or 59.3% spores surviving. These results

lead to the conclusion that the GFP-tagged version of Zip3 is not equivalent to the
untagged WT version in terms of spore viability.
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3.5

zip3-GFP Exhibits Delayed Meiotic Progression Compared to WT at Both

Temperatures

Figure 10: zip3-GFP exhibits delayed meiotic progression compared to WT at both
sporulation temperatures. Percentage of WT and zip3-GFP cells completing one or
two meiotic divisions at 23°C and 33°C.

Meiotic progression of cultures was monitored by taking samples of the cultures
from SPM, before fixing and staining with DAPI to allows for observation of nuclei

within the cell. Timepoints before 9 hours were not taken for 33°C cultures as a result of
the limited volume of the 33°C culture. Timepoints 0 and 3 were taken but not examined
as negligible meiotic progression was observed at those timepoints. After staining, cells

were examined under a UV microscope and were counted based on whether 1 nucleus, 2
nuclei, or 4 nuclei could be observed within the cell wall. zip3-GFP at 23°C is notably

delayed compared to WT, and a zip3-GFP delay is also observed at 33°C (Fig. 10).
Delays in meiotic nuclear divisions have been observed for zip3A mutants (Agarwal and
Roeder, 2000), which may imply that zip3-GFP isn’t expressed at WT levels, or due to
the addition of a GFP tag cannot function as well as its WT counterpart. It is interesting
to note that although zip3-GFP has poorer spore viability at 33°C, it has a similar meiotic
delay as compared to zip3-GFP at 23°C.
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3.6

zip3-GFP ndt80A Does Not Display Reductions in DSBs or Crossovers as

Compared to ndt80A

Figure 11: zip3-GFP ndt80A does not display reductions in DSBs or crossovers as
compared to ndt80A. A) 1D gel Southern blot analyses of DSBs and Crossovers in a
ndt80A, zip3-GFP ndt80, zip3-GFP, and WT background. B) Quantitative analysis of
DSBs from blot shown in Fig. 11A. C) Quantitative analysis of crossovers from blot
shown in Fig. 11A.

As previously discussed, one of the goals of my research project was to test
whether Maryam’s findings are reproducible, particularly the reduced dHJ formation in
zip3-GFP ndt80A compared to ndt80A. As part of that, I had run ndt80A and zip3-GFP
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ndt80A during the same synchronized time course as WT and zip3-GFP, later analyzing
the samples by 1D and 2D gel electrophoresis and southern blotting as previously
described.

The 1D gel for ndt80A and zip3-GFP ndt80A meiotic DNA samples was
conducted and analyzed in the same fashion as the 1D gel for zip-GFP and WT DNA

samples previously presented. Unlike with WT and zip3-GFP at 23°C, ndt80A and zip3GFP ndt80A by hour 11 still exhibit unresolved DSBs (Fig. 11B), which is similar to

results reported previously, which showed unresolved DSBs persisting in ndt80A mutants

at later timepoints (Allers and Lichten, 2001). A large amount of unresolved and
persisting DSBs are also present for ndt80A and zip3-GFP ndt80A at 33°C at late
timepoints compared to WT and zip3-GFP (Fig 11B). Interestingly, zip3-GFP ndt80A has
significantly higher maximum levels of DSBs than zip3-GFP at both temperatures,

despite ndt80A not displaying higher maximum levels of DSBs than WT.
Crossover levels for ndt80A and zip3-GFP ndt80A at both temperatures were far
lower than levels for WT and zip3-GFP (Fig. 11C) consistent with earlier findings in
ndt80A (Allers and Lichten, 2001). These findings showed that crossovers were greatly

reduced in ndt80A mutants, although not abolished. Crossover levels for ndt80A and zip3GFP ndt80A at 23°C display a slow rise over time, similar to WT and zip3-GFP. At hour
11, crossover levels at 23°C and 33°C were 10.4% and 8.5% for ndt80A, and 8.5% and

9% for zip3-GFP ndt80A, respectively, indicating no additional reduction in crossovers
seen in the zip3-GFP ndt80A mutant compared to ndt80A, despite the reduction in
crossovers seen in zip3-GFP. Comparing indicates that the combination of zip3-GFP and

ndt80A does not appear to strongly affect crossover levels compared to the ndt80A single
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mutant, despite zip3-GFP having lowered crossover levels compared to WT. The lack of
reduction of crossovers in zip3-GFP ndt80A compared to ndt80A is possibly due to an
alternate pathway that does not involve NDT80 (through Cdc5) resolving JMs, nor

involving Zip3’s facilitation of crossovers in DSBs (Serrentino et al., 2013). This might
also imply interaction between Ndt80 and Zip3, perhaps by Ndt80 facilitating Zip3

loading onto DSBs, which in that case would abolish the crossover-promoting activity of
Zip3 in both WT and zip3-GFP.

3.7

zip3-GFP Has a Temperature Sensitive Effect on dHJ Levels When

Combined With ndt80A
In order to confirm Maryam’s findings, I also performed a 2D gel analysis on of

ndt80A and zip3-GFP ndt80A samples. Only 10 samples were run for the 2D as only
those were deemed to have enough DNA to be observable. Those samples are the 23°C
and 33°C 3, 5, and 11-hour timepoint samples for both ndt80A and zip3-GFP ndt80A, the

23°C 9 hour timepoint for ndt80A, and the 33°C 9 hour timepoint for zip3-GFP ndt80A.
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Figure 12: zip3-GFP lowers dHJ levels in combination with ndt80J, with a stronger
effect at 23°C. A) 2D gel Southern blot analyses in a ndt80J and zip3-GFP ndt80A
background. B) Quantitation of dHJs on blot shown in Fig. 12A.

On the 2D gel (Fig. 12A), dHJ DNA levels for ndt80A culture at 11 hours was

13% higher at 23°C vs. 33°C, while for zip3-GFP ndt80A dHJ DNA levels for the same

timepoint were 94% higher at 33°C than 23°C. zip3-GFP ndt80A overall had lower dHJ
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levels than ndt80A (Fig. 12B). The results Maryam received from her time course and 2D

gel are replicated in my own 2D gel, confirming that not only does zip3-GFP have a

negative effect on dHJ levels combined with ndt80A, but it is also temperature sensitive,
with both my and her gels showing lowered dHJ levels for zip3-GFP ndt80A compared to

ZIP3 ndt80A at 23°C. The reduction in dHJs could partially be a result of temperature
affecting DSB formation levels, as both DSBs and crossovers are known to be reduced at
high temperatures (Borner et al., 2004, Zhang et al., 2017), however the reduction at

23°C of crossovers for zip3-GFP (~2/3’s of WT DNA levels) and the dHJ reduction seen

in zip3-GFP/ndt80A (1/3 of dHJ levels of ndt80A at 23°C) suggests that the main reason
for the reduction of dHJs and crossovers for zip3-GFP sporulated at 23°C is because

zip3-GFP is cold-sensitive towards formation of both dHJs and crossovers. However,

something to keep in mind regarding these results is that signal-to-noise ratio is very
different for the ndt80A blot than for the zip3-GFP ndt80A blot. The samples, as well as
another 2D gel for zip3-GFP and WT should likely be re-analyzed, an experiment that I

could not carry out due to the 2020 COVID-19 pandemic disrupting research.

3.8

Absence of Mlh3 Causes a Reduction in DSB Steady State Levels and

Crossovers

Experiments conducted by other researchers as well as myself have demonstrated
that ndt80A produces approximately 20%-50% of crossovers compared to WT (Allers
and Lichten, 2001). The fact that a significant amount of crossovers still exist in ndt80A

despite ndt80A’s inability to resolve dHJs indicates an alternate pathway to generate
crossovers must exist that is independent of NDT80 accounting for the remaining
crossovers found in ndt80A. A number of resolvases that resolve JMs have been
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identified (Zakharyevich et al., 2012; Arter et al., 2019), including Mlh1/Mlh3. As the
Mlh1/Mlh3 complex has been known to resolve JMs into crossovers (Zakharyevich et al.,

2012; Ranjha et al., 2014), it would seem a possible candidate for being responsible for
the crossovers found in ndt80A. If indeed Mlh1/Mlh3 was forming the crossovers found

in ndt80A, then crossover would be expected to be completely abolished in a mlh3A
ndt80A double mutant.
To test this hypothesis, MLH3 ndt80A and mlh3A ndt80A strains were run in a

synchronized time course alongside with mlh3A and WT cultures. All mlh3A and mlh3A

ndt80A samples were processed identically to WT and ndt80A samples.
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Figure 13: mlh3J displays reduced amounts of DSBs and crossovers compared to
WT at 23°C and 33°C. A) 1D gel Southern blot analyses of DSBs and Crossovers in
a WT and mlh3J background. B) Quantitation of DSBs on the blots shown in Fig.
13A. C) Quantitation of crossovers shown in Fig. 13A

The 1D gel for mlh3A meiotic DNA samples was run, Southern blotted,
hybridized, and quantitated under the same conditions as the 1D gel for ndt80A and WT
DNA samples previously discussed. DSBs peak for 23°C mlh3A during hour 3, at 6.6%
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of total DNA, vs 14.2% for WT under the same conditions (Fig. 13B). DSB levels for
WT and mlh3A at 23°C decline afterwards, and approach 0% by hour 11. At 33°C DSB
levels approach 0% for both genotypes a bit earlier than at 23°C, disappearing by hour 9.

For WT and mlh3A, crossover levels are highest for WT at both temperatures, with
crossovers peaking at hour 9 for WT at both temperatures. mlh3A at 23°C peaks in
crossovers at hour 11, at 20.5% of DNA levels. mlh3A at 33°C reaches maximum

crossover DNA levels at hour 9, at 16.6% of total DNA. With Mlh3’s involvement in
crossover (Wang et al., 1999), and considering that Mlh1/Mlh3 has been observed to be

involved in forming DSBs (Manhart et al., 2017), it is not surprising that the mlh3A
culture has lower levels of DSBs and crossovers compared to WT. Despite the reduction

in DSBs, there is no indication that DSB formation is delayed in mlh3A. However,

considering Mlh3’s roles in mismatch repair and recombination during meiosis (Al-Sweel
et al., 2017; Nishant et al., 2008), the high reduction in DSBs found in mlh3A is
interesting, which could bring up the possibility of two major sources of DSBs in S.

cerevisiae, with SPO11 acting earlier to create most DSBs and to allow for normal
formation of the synaptonemal complex, and Mlh1/Mlh3 acting later to create DSBs.
Alternatively, Mlh1/Mlh3 could serve to slow the repair of DSBs. However, in both cases

it would indicate that Mlh3 appears to control a stage in recombination prior to Holliday

junction resolution.
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3.9

Deletion of NDT80 in Addition to MLH3 Does Not Reduce DSBs Compared

to Deleting MLH3 Alone, But Does Reduce Crossover

Figure 14: Deletion of NDT80 does not cause further reduction in DSBs in mlh3J,
and only a mild reduction in crossovers. A) 1D gel Southern blot analyses of DSBs
and Crossovers in a WT, mlh3d, ndt80d, and mlh3d ndt80d background. B)
Quantitation of DSBs on the blots shown in Fig. 14A. C) Quantitation of crossovers
shown in Fig. 14A

43

Like ndt80A and zip3-GFP ndt80A, mlh3A ndt80A displayed persisting DSBs by
hour 11 for both temperatures, at 2.3% of total DNA at 23°C and 2.1% at 33°C.

Comparing mlh3A and mlh3A ndt80A, and WT and ndt80A, apart from the persistence of
DSBs, WT and ndt80A display a similar rise and sharp peak at hour 5, and mlh3A and

mlh3A ndt80A both display a similarly lowered amount of DSBs, leading me to conclude
that Ndt80 and Mlh3 have no significant interaction in formation of DSBs. mlh3A ndt80A

at 23°C displayed a small reduction in crossover levels at most timepoints compared to
ndt80A at 23°C, and practically identical at 33°C, which is interesting considering

previous research on mlh3A (Wang et al., 1999) showed that mlh3A displayed reductions

in crossover. However, crossovers were still not abolished in mlh3A ndt80A, suggesting
an alternate pathway of resolving a certain subset of joint molecules into crossovers in the

absence of NDT80 or MLH3.
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3.10

Abnormalities in Cell Morphology in zip3-GFP, zip3-GFP ndt80A, and

ndt80A

zip3-GFP ndt804

ndt80A

Figure 15: ndt80A and zip3-GFP’s effects on nuclear morphology. WT nuclei are
known to have a nuclear area size between 2-2.5 gm2 (Jorgensen et al., 2007)
Alongside examining meiotic cell divisions, I noticed structural differences
between WT, zip3-GFP, ndt80A, and zzp3-GFP ndt80A cultures. WT cells at the 0 hour

timepoint were slightly egg shaped and had a circular nucleus, whereas zip3-GFP already

at t= 0h, had a torn-looking nucleus, ndt80A cells had a crescent shaped nucleus that
adhered to the inner surface of the cell membrane, and zip3-GFP ndt80A cells combined

the features of zip3-GFP and ndt80A cells, with a torn but crescent shaped nucleus that

was stuck to the inner surface of the cell membrane. Over time WT and zip3-GFP stains
went through meiotic progression but still retained the same nuclear characteristics, with

WT nuclei continuing to be rounded and zip3-GFP nuclei continuing to have an uneven

edge. The functional significance of these effects on nuclear morphology are yet to be

determined.
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CHAPTER IV
DISCUSSION

4.1

Overview of Results
In the experiments shown in this work, I have examined the role of three genes

that are necessary for normal crossover formation, namely NDT80, ZIP3, and MLH3.

NDT80, a meiosis specific transcription factor, has a well-known role in resolving double
Holliday junctions into crossovers, as can be seen in studies on NDT80 null mutants (Xu

et al., 1995; Allers and Lichten, 2001), which demonstrate that ndt80A mutants arrest in
pachytene as a result of unresolved dHJs, while also displaying lowered levels of
crossovers and unaffected noncrossovers. The causative agent for the inability of ndt80A

to resolve dHJ is mainly due to the lack of Cdc5 expression, which is controlled by Ndt80

(Sourirajan and Lichten, 2008; Clyne et al., 2003). Cdc5 is a Polo-like kinase that
phosphorylates other resolvases, cohesin subunits, and other proteins, as well as Ndt80

itself (Alexandru et al., 2001; Matos and West., 2014; Winter 2012). Absence of Ndt80

results in a persistent SC, unresolved dHJs, and arrest in pachytene. ZIP3/CST9 is a
SUMO E3 ligase, and a ZMM protein that has several functions at an earlier stage of
meiosis, such as proper SC formation, chromosome disjunction, and crossover (Agarwal
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and Roeder, 2000; Serrentino et al., 2013). Mlh3 is part of a heterodimer with another
protein, Mlh1, forming Mlh1/Mlh3, a nuclease which has multiple roles, mainly in
mismatch repair and crossover, as well as DSB formation (Manhart et al., 2017; Ranjha

et al., 2014; Al-Sweel et al., 2017).
My experiments examined these three proteins because of the results of several
earlier experiments suggested that all three of these proteins have roles that were
previously undiscovered. In my own lab, a previous student, Maryam Assar, studied the

interactions of ndt80A mutants and zip3-GFP, a fusion protein consisting of a normal
Zip3 protein with a C-terminus Green Fluorescent Protein (GFP) tag placed onto it. The

reason for studying ndt80A with such an altered protein is because of observations
suggesting that zip3-GFP activity differs from a wildtype Zip3 protein, which provided

an avenue for examining any potential interactions between Ndt80 and Zip3 in a way that

could not be done with a wild-type(WT) Zip3 or in a zip3A mutant. Ms Assar’s previous
experiments also suggested that Ndt80 may be involved in the production of dHJs, not

just their resolution, because of lowered amounts of dHJs observed in ndt80A mutants.

The reason for studying Mlh3 is because of observations conducted in previous studies as
well as myself that demonstrated that ndt80A mutants, despite their inability to resolve

dHJs, still retained a substantial level of crossovers (50%), despite what would be
predicted based on the function of Ndt80 and Cdc5, suggesting an alternate method of
resolving dHJs into crossovers must exist that does not rely on Ndt80 signaling. In order
to answer the questions posed, I conducted 9 meiotically synchronized time courses,

using my last time course for all results except for spore viability and DAPI observations,
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and quantitated a 2D gel that Ms Assar had created but did not quantitate in order to see if
my results replicated Ms Assar’s findings.

4.2

Zip3 Affects the Formation of DSBs and dHJs
Previous research utilizing the zip3-GFP fusion protein in S. cerevisiae (Agarwal

and Roeder, 2000; Joshi et al., 2009) have not described anomalies associated with use of

GFP-tagged Zip3, with the researchers in both papers stating that the GFP-tagged Zip3

complements Zip3 in respect to sporulation efficiencies and spore viability, although both
articles were focused on monitoring Zip3 localization onto chromosomes. However, in C.
elegans, GFP-tagged ZHP3, which is the C. elegans ortholog of Zip3, showed significant

aneuploidy in offspring, and differences in localizing onto chromosomes as compared to
WT ZHP3, and reduced viability at higher temperatures (Bhalla et al., 2008). Looking at
the data obtained from my experiments together with some anecdotal observations from

previous experiments in the lab suggested that zip3-GFP mutants do not perform
identically to WT in terms of spore viability, meiotic progression, DSBs levels, dHJ
levels, and crossovers, alone as well as in combination with ndt80A. Interestingly

enough, spore viability in my zip3-GFP tetrad dissections was reduced at higher

temperatures, similar to the zhp3-GFP in C. elegans (Bhalla et al., 2008), suggesting that
zip3-GFP displays both a heat sensitivity and cold sensitivity in regards to different
functions. Based on my data, I believe that some of the anomalies observed in zip3-GFP

can be attributed to impaired DSB formation at 23°C. Comparing the phenotype of zip3GFP to zip3A, zip3-GFP is like zip3A in that they both display a reduction in crossovers,

but unlike zip3A, zip3-GFP has a significant decrease in DSBs that zip3A doesn’t have

(Borner et al., 2004)
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It would also be worth examining zip3-GFP for chromosome missegregation
based on the zhp3-GFP findings (Bhalla et al., 2008), as many of the anomalies found in
zip3-GFP could possibly be caused by that.

4.3

Ndt80 is Not Likely to Have a Direct Role in Formation of Double Holliday

Junctions

NDT80, a meiosis specific transcription factor, has a well-documented role in
double Holliday junction resolution into crossovers (Allers and Lichten, 2001), with

ndt80A mutants displaying high levels of unresolved Holliday junctions, lowered levels
of crossovers, normal levels of noncrossovers, and arrest in pachytene. Ms Assar
conducted one experiment comparing ndt80A and zip3-GFP ndt80A sporulated at low

and high temperatures (23°C and 33°C) in order to look at dHJ levels using a 2D gel,
with her initial results suggesting that Ndt80 had an earlier role in meiosis, affecting the

formation of dHJs, with a synergistic effect with Zip3. I quantitated the gel that she

generated with the result that ndt80A dHJ levels did not differ dramatically from each
other based on sporulation temperature, with the only anomaly being the previously
observed and expected accumulation in dHJ levels. I also compared dHJ accumulation in

zip3-GFP ndt80A versus ZIP3 ndt80A and found that zip3-GFP ndt80A had substantially
lower dHJ levels than ndt80A, especially at 23°C. I had also performed a 2D gel, running

ndt80A and zip3-GFP ndt80A samples, mostly at later timepoints, to compare between
them, with the results that zip3-GFP ndt80A had significantly lower dHJ levels than

ndt80A, especially for cultures sporulated at 23°C. Based on the results, it does not seem
to be the case that Ndt80 has any significant effect on formation of dHJs, but does imply

that zip3-GFP has a significant cold sensitivity in facilitating resolution of dHJs into
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crossovers, as well as dHJ formation, considering that dHJ levels are known to be

reduced in zip3A mutants (Borner et al., 2004).

4.4

Mlh1/Mlh3 is Unlikely to be an Alternative Pathway to Crossover

Formation, But Still Has a Role in Recombination Prior to dHJ Resolution
Mlh1/Mlh3 is a mismatch repair protein, as well as a resolvase for joint
molecules, particularly resolving dHJs into crossovers. Mlh3 can also induce DSBs in

vitro, even though this function has been interpreted as a way of resolving dHJs (Nishant

et al., 2008). As ndt80A were observed to have a substantial level of crossovers remaining

despite the fact that JMs in ndt80A are unable to be resolved, the search began for a nonNdt80 dependent pathway to resolving JMs into crossovers. The Mlh1/Mlh3 complex

became a target for identifying a possible candidate due to its known functions, as well as
previous research indicating that Mlh1/Mlh3 was one of several of crossover specific

resolvases that operated together with Exo1, an exonuclease, to resolve JMs, and that did
not depend on Ndt80 (Zakharyevich et al., 2012). Comparing mlh3A and mlh3A ndt80A
with their MLH3 counterparts revealed a ~50% decrease in DSBs, but only a minor

decrease in crossovers, with no abolishment of crossovers seen in mlh3A ndt80A. While
the slight decrease in crossovers was not unusual, given Mlh3’s known functions, the

significant decrease in DSB steady state levels was surprising, even given the known
ability of Mlh1/Mlh3 to produce DSBs (Manhart et al., 2017), and raises the question of

whether Mlh1/Mlh3 represents an alternate pathway, not of crossovers but of DSB
formation, separately from but following SPO11 DSB formation. As Spo11 is necessary

for proper SC formation, it may bring up the question of multiple phases of DSBs for

different purposes, with DSBs created by SPO11 formed for the main purpose of
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enabling construction of the SC, and later DSBs might be created for the purpose of

recombination or repair. However, since only DSB steady state levels were observed,

there is the chance that the reduction in DSBs is due to Mlh3 delaying DSB repair.
However, in both cases the results indicate that Mlh3 has a prior role in recombination

besides resolution of dHJs. As a future project, it would be interesting to see whether the

defect in DSB formation in mlh3A can be measured under conditions where DSBs

accumulate rather than turning over, for example in SAE2 or DMC1 mutants, two
conditions that block DSB turnover.

4.5

Ndt80 and Zip3 Affect Nuclear Morphology

During examination of DAPI-stained cell samples for meiotic progress, I noticed

certain abnormalities present in the shape of the nucleus in mutant cells, with zip3-GFP

cells presenting with a shredded nuclear appearance, ndt80A nuclei were flattened and
stuck to the inner surface of the cell membrane in a crescent shape, and zip3-GFP ndt80A

combining the features of both of the single mutants. NDT80 and ZIP3 mutants have not
been under significant study regarding changes in nuclear or vacuole morphology, so the

fact that ndt80A and zip3-GFP have been observed to have an effect, even at the onset of
meiosis, is very interesting, and suggests that both Ndt80 and Zip3 have far broader roles
than have previously been researched. The fact that such differences were detectable

prior to onset of meiosis point to the possibility that both genes have premeiotic effects.
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Appendix
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Time

Date of

0

1

2

3

4

Percent

course

dissection
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spores
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viability

viable

viable

viable

viable

viable

number and
temperature

WT

TC 2, 23°C

7/16/2018

6

10

3

1

0

23.75%

WT

TC 3, 23°C

8/6/2018

2

6

3

5

3

51.31579%
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TC 4,

08/31/2018

0

0

2

1

17

93.75%

9/14/2018

0

0

1

7

12

88.75%

9/17/2018

0

0

0

2
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97.5%

23°C
WT

TC 4,
23°C

WT

TC 4,
23°C
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TC 6, 23°C

1/14/2019

0

1

0

3

16

92.5%
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TC 7, 23°C
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0

0

1

3
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93.75%

zip3-GFP

TC 3, 23°C
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3

9

61.25%
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3
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80%
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1
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Table I. Time course dissection counts for Figure 9

65

